The role of gibberellins in flower bud development was investigated by studying the gib-1 mutant of tomato, Lycopersicon esculentum. This gibberellin-deficient mutant initiates flower buds, but floral development is not completed unless the mutant is treated with gibberellin. Treatment with other plant growth regulators does not induce normal flower development. Development of gib-1 flower buds, as measured by progress toward anthesis, ceases at a bud length of 2.5 millimeters; however, increase in size of the bud continues. Buds between 2.5 and 3.7 millimeters are developmentally arrested but still are capable of developing normally after treatment with gibberellic acid. Anthers of these developmentally arrested buds contain pollen mother cells that are in the Gl phase of premeiotic interphase. Following treatment of developmentally arrested buds with gibberellic acid, premeiotic DNA synthesis and callose accumulation in pollen mother cells are evident by 48 hours posttreatment, and within 66 hours, prophase I of meiosis-and meiosis-related changes in tapetum development are observable.
esculentum, to further elucidate the role of GA in flower development. This mutant is deficient in GA because its ability to convert geranylgeranyl pyrophosphate to copalyl ' Supported by National Institutes of Health grant GM40553.
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pyrophosphate is reduced (1) . In addition to male and female sterility, the other phenotypes of this mutant are dwarfism and failure of seeds to germinate. Application of GA largely reverses all of these phenotypes (1O). In this mutant, initiation of floral meristems and development of all floral organs proceeds normally up to a certain point, but then normal development ceases and flower buds eventually abort. Nester and Zeevaart (19) studied flower development of the gib-2 tomato mutant. Like the gib-J mutant, this mutant is GA deficient, dwarfed, male and female sterile and does not germinate. They showed that meiosis does not occur in gib-2 flower buds and that degeneration ofthe tapetal layer followed by degeneration ofcells in the microsporangia constitute some of the first observable differences between gib-2 and wild-type flower bud development.
To characterize the aberrant development of gib-J flower buds, experiments were performed to determine (a) the size at which buds reach a block in development, (b) how long buds remain developmentally arrested, (c) Flower bud positions one through four on the cyme were used in these experiments. Bud position does not have a significant effect on the relationship between length and developmental stage for positions one to four (data not shown).
Microscopy
Iron-acetocarmin squashes were used to examine meiotic stages (14) . Anthers were removed from flower buds, fixed overnight in 3:1 ethanol:acetic acid and then stored in 70% ethanol at 4°C. The contents of the microsporangia were squashed in iron-acetocarmin and viewed at x1000 phase contrast with a Zeiss photomicroscope.
The procedure for sectioning was similar to that described by Nester and Zeevaart (19) . Buds Because the nuclear diameter of a given cell type depended on the developmental stage observed, fluorescence readings from sections of nuclei were converted to fluorescence per whole nucleus. To accomplish this, the single largest and brightest, isolated nucleus from each microsporangium was chosen for fluorescence quantitations. If it is assumed that nuclei of each cell type are homogeneous in size and shape at each stage examined, the number of nuclei in a microsporangium section is such that there is a 95% probability that the diameter of the nuclear section chosen is within 6% of the true nuclear diameter of that population. Individual fluorescence readings were then converted to whole nucleus readings by dividing by the ratio of the volume of the nuclear section to the total volume of the nucleus (N = S/(r2t -t3/ 1 2)/4r3/3, where N = whole nucleus fluorescence, S = section fluorescence reading, r = radius of nucleus measured with graduated ocular, and t = thickness of section). This conversion assumes that nuclei are approximately spherical and are homogeneously filled with DNA.
RESULTS

Specificity of GA Response
To determine whether other plant growth substances, in addition to GA, can cause normal flower development in the gib-J mutant, flower buds were treated with Ethephon, 2,4-D, naphthaleneacetic acid, indole-3-butyric acid, isopentenyl adenine, BA, kinetin, ABA, GA3, ABA + GA3, or Tween-20 alone. Buds were treated directly with 2.5 ,uL of a solution containing 0.025% Tween-20, 50% ethanol, and the appropriate hormone(s) at 20 ,ug/mL. Only buds treated with GA3 or GA3 + ABA developed normally. In a second experiment, whole plants were sprayed to run off with 0.025% and 5 x 10-' M Ethephon, 2,4-D, kinetin, GA3, ABA, GA3 + ABA, or water. Again, normal flower development occurred only on GA3 and GA3 + ABA-treated plants. These results suggest that the block in flower development of the gib-J mutant is specifically relieved by GA.
Effect of Flower Age on GA Response
To determine when gib-J flower buds lose the ability to develop through anthesis after a single GA treatment, buds ranging in length from 0.2 to 6.3 mm were treated with 50 ng of GA3, and then their development was monitored. Most buds shorter than 3.7 mm at the time of treatment developed normally ( Fig. 1) . However, <30% of buds longer than 3.7 mm at the time of treatment developed normally. Those that did not develop normally exhibited sepal elongation and a partial opening of the sepals and petals, but petals were pale yellow and remained reduced in size, and stamens were reduced and sterile. This loss of GA responsiveness was correlated with the appearance of a brown discoloration of the anthers.
Arrest of gib-1 Flower Development in the Absence of Exogenous GA At least two different developmental pathways can be envisioned for gib-l flower buds that develop in the absence of GA. First, buds could reach the point at which GA is required and then in its absence quickly switch to a developmental pathway that results in a loss of responsiveness to GA and ultimately senescence or programmed death. Alternatively, buds could reach a block in development, caused by the absence of GA, and then remain arrested but GA responsive for some time before beginning senescence. In the latter case, GA treatment could rescue developmentally arrested buds to yield normal flowers.
To distinguish between these alternatives, gib-] flower buds of different lengths were treated with GA3, and then, for those buds that developed normally, the number of days required to reach the stage of development petal reflex (see "Materials and Methods") was recorded. gib-] buds that are shorter than approximately 2.5 mm display a nearly linear negative relationship between the length ofthe bud at the time oftreatment and the time required to reach the petal reflex stage ( Fig. 2A) . This suggests that these buds are progressing toward petal Mean length at treatment (mm) reflex and are, therefore, not yet developmentally arrested.
Buds that are longer than 2.5 mm, however, take a similar number of days to reach petal reflex ( Fig. 2A) . This indicates that buds reach a developmental block but remain rescuable by GA3 for some time after the initial arrest. Together with the data in Figure 1 , these results indicate that gib-l buds remain developmentally arrested, but GA responsive, from a length of 2.5 to 3.7 mm. This developmental arrest is specific to gib-] flower buds. When nearly isogenic wild-type buds are treated in a similar manner, all buds display a negative correlation between bud length and the number of days required to reach petal reflex (Fig. 2B ). This correlation exists in wild-type buds both in the presence and absence of applied GA3.
Determination of the Stage at which gib-1 Anthers Arrest Microsporangia of developmentally arrested flower buds (2.5-3.7 mm in length) contain cells with interphase nuclei (Fig. 3A) . Following treatment with GA3, the first visible stage of prophase I of meiosis, synizesis (15) , occurred 66 h after treatment (Fig. 3B) . By 92 h after treatment, PMCs had undergone both meiotic divisions and were at the quartet stage (Fig. 3C) . These data indicate that the gib-] mutant is similar to the gib-2 mutant in that, in the absence of GA, development of anthers is blocked at some point before meiosis.
At the developmental arrest, microsporangia could contain either PMCs or primary sporogenous cells (the precursors to PMCs). To distinguish between these possibilities, we compared the number of cells in microsporangia of developmentally arrested anthers and meiotic gib-J anthers. Because we found the same number of cells in sections of both types of anthers (data not shown), and because we saw no mitotic figures in any gib-] anthers from buds longer that 2.5 mm, it is likely that developmentally arrested buds contain PMCs in premeiotic interphase.
To determine whether PMCs are arrested at the G1, S, or G2 phase of premeiotic interphase, we determined the DNA content ofPMCs, anther wall cells, and tapetal cells in sections of arrested buds, using cytophotometry. There were no significant differences between the DNA contents of these cell types (Table III) . This difference between inner and outer tapetum is not altogether surprising because the tapetum is thought to be of dual origin in most angiosperms (2) . In many angiosperms, the (Table I) . Also, endomitotic figures were observed in inner tapetal cells 66 h after GA3 treatment (not shown). Together these data indicate that, by 4 d after GA3 treatment, inner and outer tapetum nuclei undergo endomitosis to become polyploid.
Finally, we studied the accumulation of callose in gib-J anthers. Callose is a glucan that accumulates in the cell walls ofPMCs during early stages ofmeiosis. The presence ofcallose can be assayed by using the fluorescent dye analine blue (22) . To determine a time course for callose deposition, we compared analine blue-induced fluorescence from sections of arrested anthers and sections of anthers from buds that had been treated with GA3 for 1, 2, or 3 d. We did not detect analine blue-induced fluorescence in PMCs of developmentally arrested buds (Fig. 3D ) or in PMCs of buds treated with GA3 for 1 d (not shown). In contrast, we observed significant fluorescence 2 d after GA3 treatment (Fig. 3E ) and intense fluorescence 3 d after treatment (Fig. 3F) (9) . Also, when dormancy in C. arabica buds is released by rainfall or irrigation, there is an increase in extractable GA before the rapid increase in the fresh weight of the buds, suggesting a causal relationship between GA levels and the resumption of active growth (4). In tomato, low light-induced flower abortion occurs when anthers are at the PMC stage, and GA plus cytokinin can partially prevent this abortion (8) . This (15) occurs in gib-J buds (data not shown).
The gib-J mutant may also prove to be an interesting system to study changes in gene expression that occur after arrested buds are treated with GA. Synchronous development of anthers, and, therefore, synchronous gene expression, may allow detection of transiently expressed low abundant mRNAs that are important in flower development. Furthermore, this system may be useful for isolating genes whose expression is affected by GA and whose gene products are involved in the release of the developmental arrest.
